Oxidants and antioxidants, like many other things, have two faces. Lipids, important biological substances of aerobic organisms, are oxidized by reactive oxygen and nitrogen species formed inevitably in vivo to give diverse products. The emerging evidence suggests that lipid peroxidation products have also two faces.
Introduction
It is accepted widely that oxidation of biologically essential molecules such as lipids, proteins, sugars, and nucleic acids induced by reactive oxygen and nitrogen species, ROS and RNS, causes detrimental effects such as alteration of membrane organization and functional loss of proteins, enzymes, and DNA, which eventually lead to various diseases and accelerated aging [1] . Lipids, above all the polyunsaturated fatty acids, are susceptible to oxidation and lipid peroxidation has been implicated in the pathogenesis of many diseases including atherosclerosis, cataract, and neurodegenerative diseases [2] .
Free and ester forms of fatty acids and cholesterol are the substrate of lipid peroxidaiton in vivo. They are oxidized by enzymes such as lipoxygenase, cyclooxygenase, and cytochrome P-450 (CYP) and by non-enzymatic oxidants such as singlet oxygen, ozone, and free radicals [2] . The characteristic of enzymatic oxidation is that it proceeds by regio-, stereo-, and enantio-specific mechanisms [3, 4] . For example, 15-lipoxygenase oxidizes arachidonic acid and its esters to give 15(S)-hydroperoxy-5,8,11-cis-13-trans-eicosatetraenoic acid and esters (15(S)-HPETE) exclusively. Cyclooxygenase catalyzes oxidation of arachidonic acid to give specific prostaglandins, prostacyclin, thromboxane, and leukotrienes. Cytochrome P-450 metabolizes arachidonic acid to give specific hydroxyleicosatetraenoic acid (HETE), epoxyeicosatrienoic acid, and dihydroxyeicosatetraenoic acid [5] . Cytochrome P-450 7 alpha-hydroxylase (CYP7A1) catalyzes oxidation of cholesterol to yield 7α-hydroxycholesterol, while 24-hydroxylase (CYP46A1) oxidizes cholesterol to 24(S)-hydroxycholesterol [6] . These enzymatic oxidation products play an important physiological role by modulating vascular tone, inflammatory responses, and renal and pulmonary function.
On the other hand, the free radical-mediated lipid peroxidation proceeds randomly. For example, free radical mediated oxidation of linoleates gives four isomers of 9-and 13-, cis,trans-and trans,transhydroperoxyoctadecadienoates (HODE) [2] . Four kinds of HODEs are racemic, that is, equal amounts of S and R forms are produced. Free radicals attack lipids, proteins, sugars, and nucleic acid randomly without specificity to induce oxidation, the relative susceptibility of the substrates being determined primarily by thermodynamic parameters such as bond dissociation energy and the stability of the radicals formed. Polyunsaturated fatty acids are especially vulnerable to free radical attack and oxidized to give diverse products such as hydroperoxides, hydroxides, cyclic products, ketones, epoxides, and aldehydes. These products exert various biological effects per se and by modifying proteins and DNA bases. Above all, α,β-unsaturated carbonyl compounds such as acrolein and 4-hydroxy-2-nonenal (HNE) have been shown to react with thyl and amino groups of proteins to give Michael addition products and Schiff base products [7] . In addition to the action as an active electrophile, HNE modulates a wide variety of cellular processes including activation of various protein kinases [8] [9] [10] .
It is clear that diverse lipid peroxidation products are produced in vivo and certain levels of these products are always detected in biological fluids and tissues of healthy human subjects as well as patients. They may exert toxic and detrimental effects but may also elicit beneficial effects under certain circumstances. The role of lipid peroxidation products as a double edged sword will be discussed below.
Negative effects of lipid peroxidation products
Lipid peroxidation was first studied in 1930's in relation to rancidity of food stuffs. Polyunsaturated fatty acids such as linoleic, linolenic, arachidonic, eicosapentaenoic, and docosahexaenoic acids are oxidized by air to give diverse products, which lead to deterioration of taste, flavor, nutritional function and safety. It became evident later that such oxidation of lipids by molecular oxygen, referred to lipid peroxidation, proceeds in vivo as well and the levels of lipid peroxidation in biological fluids and tissues increase with an increase in the development of various diseases.
It was originally accepted that lipid peroxidation, especially that mediated by free radicals, is deleterious to human health. The oxidative modification of low density lipoprotein (LDL) was accepted as an important initial event in the pathogenesis of atherosclerosis [11] . Numerous experimental, clinical, and epidemiological evidence supports this hypothesis. Although it has not been demonstrated unequivocally yet, lipid peroxidation has been implicated in the pathogenesis of various diseases and consequently the role of antioxidants which inhibit lipid peroxidation has attracted much attention.
The lipid peroxidation products have been used as a biomarker of oxidative stress in vivo. Isoprostanes formed by free radical mediated oxidation of arachidonic acid independent of cyclooxygenase [12] are now accepted as a reliable biomarker of lipid peroxidation in vivo and numerous studies show that the levels of isoprostanes increase with a progress of various diseases [13] . Similar correlation has been observed for other lipid preoxidation products such as HETE, HODE, and hydroxycholesterol [2] . Furthermore, immunohistochemical analysis shows the increase in the protein adducts with lipid peroxidation products in the biological fluids and tissues under elevated oxidative stress and patients.
Lipid peroxidation products are not just biomarkers of oxidative stress but also exert toxic effects [14] . Various lipid peroxidation products, both chemically reactive and stable compounds, exert cytotoxicity. For example, phosphatidylcholine hydroperoxide, lysophosphatidylcholine, HNE, 15-deoxy-delta12,14-prostaglandin J2 (15d-PGJ2), HODE, 7-hydroxycholesterol, and cholesterol 5,6-epoxide induce death of PC12 cells and human arterial endothelial cells [15] .
Positive effects of lipid peroxidation products: adaptive response
Despite the deleterious effects of lipid peroxidation products, increasing evidence has shown that at sublethal levels, these lipid peroxidation products can enhance cellular antioxidant capacity and exert adaptive response.
One example is HNE, an α,β-unsaturated carbonyl compound widely accepted as an oxidative stress biomarker. HNE at low concentrations not only acts as a signaling molecule [16] , but also induces various antioxidant enzymes via different mechanisms. It increases hemeoxygenase-1 (HO-1) through activation of ERK (extracellular signal-regulated kinases) pathway in pulmonary epithelial cells [17] , and induces glutamate cysteine ligase (GCL), a key enzyme regulating cellular glutathione (GSH) synthesis, via JNK (jun N-terminal kinase) pathway in HBE1 cells [18] . It also increases gammaglutamyl transpeptidase gene expression through mitogen-activated protein (MAP) kinase pathways in rat epithelial type II cells [10] . We have found that pretreatment with HNE at sublethal concentrations elicits an adaptive response and protects PC12 cells against the oxidative stress induced by 6-hydroxydopamine, which is primarily through induction of thioredoxin reductase 1 via activation of Nrf2 [19] , a key transcription factor responsible for antioxidant enzyme expression. Other investigators have also observed that induction of thioredoxin system by HNE via the Nrf2 pathway is involved in the molecular mechanism of adaptive-retinal neuroprotection in vivo and in vitro [20] . In vascular endothelial cells, both HNE and 4-hydroxyhexenal increase HO-1 expression via activation of Nrf2, and enhances cellular antioxidative capacity protecting against tert-butyl hydroperoxide-induced cytotoxicity [21] . It also protects against cardiac ischemiareperfusion injury via the Nrf2-dependent GCL expression and GSH induction [22] . In acute gastric mucosal lesions, HNE-Nrf2-HO-1 pathway in the gastric mucosal cells and the macrophages is involved in the adaptive mechanism against oxidative stress [23] .
Another α,β-unsaturated carbonyl lipid peroxidation product, 15d-PGJ2 (15-deoxy-∆12,14-prostaglandin J2), has been widely investigated in the adaptive response as well. Among all prostaglandins, 15d-PGJ2 exhibits the highest potential to induce phase II detoxifying enzymes such as glutathione S-transferases [24] . Treatment of 15d-PGJ2 at low doses enhances cellular antioxidant capacity in a variety of culture cells [25] , and this compound has also shown to protect against acute lung injury in vivo [26] , both via the induction of Nrf2-mediated enzymes. We have also observed that 15d-PGJ2 at low concentrations enhances the cellular GSH levels through Nrf2-dependent GCL induction, and protects against further oxidative damage in PC12 cells [27] and in cultured cortical neurons [28] .
It is not surprising that the molecular mechanisms of the adaptive response induced by both HNE and 15d-PGJ2 appear to be primarily through Nrf2 activation, as Nrf2 is known to be the key transcriptional factor of antioxidant enzymes. Under homeostatic conditions, Nrf2 is bound and inactivated by its inhibitor protein Keap1, which facilitates the degradation of Nrf2 via the proteasome system. Upon stimulation, Nrf2 dissociates from Keap1, translocates to the nucleus and transactivates the expression of phase II detoxification enzymes. The enriched thiol residues in Keap1 are highly susceptible to phosphorylation or chemical modification. Thus, α,β-unsaturated carbonyl compounds such as HNE and 15d-PGJ2 can readily react with Keap1 through Michael addition reaction across its carbon-carbon double bond, thereby liberating and activating Nrf2 [27] . Similar compounds such as acrolein also induces HO-1 expression partly through Nrf2 in HBE cells [29] . Crotonaldehyde also induces adaptive response through the PKC-α-p38 MAPK-Nrf2-HO-1 pathway in human umbilical vein endothelial cells [30] . It might be of interests to note that the underlying mechanisms responsible for adaptive protection induced by low levels of lipid peroxidation products appear to be dependent on the type of stimuli and cells [2] . Also, it has been suggested that although phase II genes are coordinately induced through Nrf2 activation by electrophiles such as HNE and acrolein, the upstream signaling pathways involved are geneand inducer-specific [31] .
Other chemically stable lipid peroxidation products such as phosphatidylcholine hydroperoxide, lysophosphatidylcholine, HODE, 7-hydroxycholesterol, and cholesterol 5,6-epoxide, are also able to induce adaptive response [15] , although the underlying molecular mechanisms remain unclear. We have noticed that 7-hydroxycholesterol can also increase GCL activity and enhance cellular GSH level, but these appear to be independent of Nrf2-mediated GCL gene expression [27] . Oxidized low density lipoprotein (LDL), which is known to play a pivotal role in the development of atherosclerotic lesions through promoting a proinflammatory response, also exerts an adaptive response at low levels. Moellering and colleagues [32] have observed that oxidized LDL induces GSH synthesis and protects against quinine-mediated oxidative stress. Mildly oxidized LDL is able to induce HO-1 expression and inhibits monocyte transmigration [33] . In human vascular smooth muscle cells, moderately oxidized LDL also induces HO-1 expression, which is dependent on mitogen-activated protein kinases and Nrf2 [34] .
It should also be noted that the adaptive response induced by physical stimuli is a general phenomenon, not only by the lipid peroxidation products discussed above, but also by other oxidative stress related stimuli, such as H 2 O 2 [35] , shear stress [36, 37] , radiation [38] , and physical exercises [39] . Even many classical toxic compounds such as 6-hydroxydopamine, lipopolysaccharide and inorganic arsenite can also utilize the oxidative stress-related signaling pathways to induce adaptive response [40] [41] [42] . These findings clearly demonstrate that oxidative stress, including lipid peroxidation products at sublethal concentrations can function as a good stress, 'eustress'. Accumulation of 4-HNE and other lipid peroxidation products early during oxidative stress or other pathological conditions may serve as a feedback which transmits an SOS signal and stimulates the antioxidant network, thereby triggering the early response enzymes or proteins to cope with the forthcoming oxidative disaster. Thus, this adaptive phenomenon might be an inherent response, by which the aerobic organisms cope with oxidative stress and maintain the stress-antioxidant balance.
Concluding remarks
Undoubtedly, excessive oxidative stress and high levels of lipid peroxidation products exert toxic and detrimental effects through modification of biomolecules or triggering damaging signals, and play important role in the pathogenesis of certain oxidative stress-related diseases. In such cases, endogenous levels of antioxidants are not enough to fight with the stress insults, and exogenous antioxidants could be used to enhance the cellular antioxidant capacity. Accumulating evidence, however, clearly demonstrates that low levels of oxidative stress and lipid peroxidation products function as signal molecules and induce adaptive response and, at this time, exogenous antioxidants are unnecessary or may be unfavorable, as they may attenuate or completely block the adaptive signals. Traditional theories of oxidation and antioxidants apparently cannot be applied into the adaptive response, and this interesting phenomenon should lead us to reappraise the role of lipid peroxidation and antioxidants. Nevertheless, the physiological significance of such an adaptive response induced by the lipid peroxidation products should be demonstrated in future studies in vivo. It should be noted that, for oxidative stress and lipid peroxidation products, to exert physiological beneficial effects, the time, amount and site of their formation should be neatly controlled and programmed. It might be possible to regulate the formation of enzymatic lipid peroxidation products, but it seems difficult to program and control the nonenzymatic ones. Future studies may be warranted to address these emerging questions.
